While strong familial evidence supports a substantial genetic contribution to the etiology of autism spectrum disorders (ASD), specific genetic abnormalities have been identified in only a small minority of all cases. In order to comprehensively delineate the genetic components of autism including the identification of rare and common variants, overall sample sizes an order of magnitude larger than those currently under study are critically needed. This will require rapid and scalable subject assessment paradigms that obviate clinic-based time-intensive behavioral phenotyping, which is a rate-limiting step. Here, we test the accuracy of a web-based approach to autism phenotyping implemented within the Interactive Autism Network (IAN). Families who were registered with the IAN and resided near one of the three study sites were eligible for the study. One hundred seven children ascertained from this pool who were verbal, age 4-17 years, and had Social Communication Questionnaire (SCQ) scores 12 (a profile that characterizes a majority of ASD -affected children in IAN) underwent a clinical confirmation battery. One hundred five of the 107 children were ASD positive (98%) by clinician's best estimate. One hundred four of these individuals (99%) were ASD positive by developmental history using the Autism Diagnostic Interview-Revised (ADI-R) and 97 (93%) were positive for ASD by developmental history and direct observational assessment (Autism Diagnostic Observational Schedule or expert clinician observation). These data support the reliability and feasibility of the IAN-implemented parentreport paradigms for the ascertainment of clinical ASD for largescale genetic research. Ó 2010 Wiley-Liss, Inc.
INTRODUCTION
Autism spectrum disorder (ASD) is a highly heterogeneous group of neurodevelopmental disorders encompassing Autistic Disorder, Asperger's syndrome and pervasive developmental disorder-not otherwise specified (PDD-NOS). Children affected with ASD show abnormalities in communication and social behaviors and often manifest repetitive behaviors [APA, 2000] . Usually the symptoms can be observed by 18 months of age and the diagnosis predominantly occurs before age 4 years [Howlin and Asgharian, 1999; Mandell et al., 2005] . The prevalence of diagnosed ASD has increased significantly in the past decade for unclear reasons, and the current estimate is around 1 in 110 children [CDC, 2009] . Boys are affected much more often than girls at a ratio of approximately 4:1 [CDC, 2009] .
Efforts to conduct large-scale investigations of autism have been historically constrained by the cost of conducting time-intensive developmental history and observational assessments which have become a research standard in the field of autism, nearly universally required by funding agencies and scientific journals. The recent development of rapid phenotyping methods, and advances in our understanding of the genetic and factoral structure of autism have raised serious questions about the relative value of traditional diagnostic assessments for autism, especially when weighed against Neuropsychiatric Genetics their considerable costs and the scientific urgency of moving forward with larger-scale research efforts to advance understanding of the causes and possible treatments for these conditions.
Here, we present the current status of autism genetic research, and describe the critical role of a rapid phenotyping paradigm for developing a feasible and cost-effective approach to the next phase of gene discovery in autism. Over the past 20 years, the genetic basis of autism has been well established, as evidenced by higher concordance rate of ASD observed in monozygotic twins (90%) than in dizygotic twins (10%) as well as a high sibling recurrence risk [Bailey et al., 1995] . These observations have spurred considerable interest in defining the genetic basis of autism while some successes in associating autism with specific chromosomal anomalies have occurred, the vast majority of autism remains idiopathic, and conversely we expect that most gene variants contributing to autism risk have yet to be observed. Numerous linkage studies have implicated multiple genomic regions of interest, but the identification of specific genes that contribute to risk within these intervals remains largely elusive [Ashley-Koch et al., 1999; Barrett et al., 1999; Philippe et al., 1999; IMGSAC, 2001; Auranen et al., 2002; Yonan et al., 2003; Stone et al., 2004; Cantor et al., 2005; Szatmari et al., 2007; Weiss et al., 2009] . Recently, characterization of rare structural variation (e.g., copy number variation or CNV) has contributed to the progress towards the identification of genetic risk variants [Jacquemont et al., 2006; Kumar et al., 2008; Marshall et al., 2008; Weiss et al., 2008] . However, even these strong genetic findings demonstrate the clinical heterogeneity affiliated with specific genetic lesions [Bijlsma et al., 2009] . Genome-wide association analyses highlight variants of unknown function between CDH10 and CDH9 at 5p14.1 Wang et al., 2009] with small effect size, and near SEMA5A on chromosome 5p15 with protective effect [Weiss et al., 2009] . Rare mutations or variants in A2BP1, NRXN1B, NRXN1A, NLGN3, and NLGN4 have been associated with autism [Jamain et al., 2003; Laumonnier et al., 2004; Yan et al., 2005; Feng et al., 2006; Martin et al., 2007; Yan et al., 2008] . Due to the now observed very high genetic heterogeneity of ASD, the discovery and validation sample sizes for genetic investigation remain unsatisfactory for identifying the majority of the genetic contribution to autism.
Most of the sample collection efforts for genetic studies so far have employed recruitment procedures that require substantial time investment per family and expensive evaluator time for individual phenotype assessment. This approach naturally limits the pacing of collection of biomaterials due to funding and evaluator time constraints, as well as logistical issues for the subjects. The largest single effort to date was implemented by the Autism Genetic Resource Exchange (AGRE), which lessened geographical constraints by deploying trained evaluators and blood draw specialists to homes throughout the US to recruit a large set of affected sibling pair families for genetic analysis [Geschwind et al., 2001] . A number of collaborative efforts have been formed and organized into a cohesive analytical group (i.e., Autism Genome Project Consortium). With these efforts, around 3,300 families with at least one affected child with autism are available for genetic analysis in North America and Europe as reflected in the largest genetic study published to date [Weiss et al., 2009] . These sample sets are proving to be largely inadequate to identify common variant associations. Further, since many of the genetic causes of ASD traits are proving to be, in each instance, rare variants, the field will require very large sample sizes to distinguish causative mutations/alleles from benign or non-causal rare variants present in the population.
Thus, we need to explore how to cost-effectively recruit tens of thousands of affected individuals and their families to enable the appropriate large-scale collection of affected individuals for genetic. Most genetic studies performed to date, especially those that aggregate data from multiple sites, rely on clinical evaluation, Autism Diagnostic Interview (ADI-R) or Autism Diagnostic Observation Schedule (ADOS) in an effort to standardize phenotypic criteria across various clinical sites. However, it is not at all clear that these currently employed time-consuming methods provide the most efficient approach to phenotyping for genetic studies of ASD. Although the use of these gold standard diagnostic instruments is often extended to address the qualitative and quantitative measurement of autistic symptomatology, item level reliability is challenging. The clinic-based or rater-based phenotypic approaches used to date need to be compared and contrasted to what could be achieved by allocating a similar level of resources for rapid, webimplemented, and much lower cost per sample phenotyping that permits the collection of at least an order of magnitude more samples for the same cost and time.
Here we assess the phenotyping approach implemented within the Interactive Autism Network (IAN), which is the largest online registry of families with an affected child with ASD in the US with approximately 10,000 autism families registered and 100-300 new families registering each month. High-quality and reliable webbased entry approaches have resulted in apparently high-quality phenotypic data, and broad access to the Internet makes the registry directly available to vast numbers of families. Specifically, IAN has implemented parent report of Social Communication Questionnaire (SCQ). Here, we sought to assess the overall accuracy of the parent provided autism diagnosis for children who are verbal per parent report and are between the ages of 4 and 17 by sampling from the IAN registrants for clinic-based evaluation with ADI-R, ADOS, and clinician best estimate. This is a critical step to use IAN for a large-scale recruitment of samples for genetic analysis. With this validation of the IAN-based parental reports, it is possible to integrate a US-wide system for the collection of blood or saliva for the generation of high-quality genomic DNA for genetic analysis in a feasible, scalable, and cost-effective fashion, greatly expanding the set of genomic DNAs available for genetic analysis [RylanderRudqvist et al., 2006] .
MATERIALS AND METHODS Recruitment
In order to sample IAN registrants who could participate in the evaluation of IAN phenotyping, a recruitment email was sent to 692 families already registered in IAN who met the following criteria: (i) answered ''yes'' to SCQ question number 1, ''Is she/he now able to talk using short phrases or sentences?''; (ii) had SCQ score 12; (iii) reported to have only one child affected with ASD in the family (simplex); and (iv) identified that they were living within 120 miles from University of California, Los Angeles (UCLA), 50 miles from Kennedy Krieger Institute, Baltimore (KKI) and 125 miles from Washington University, St. Louis (WUSTL). The SCQ-lifetime version that reflects lifetime experience was used. It was indicated in the recruitment email that the families enrolling in the study will be requested to (i) bring previous medical documentation (s) showing ASD diagnosis of their affected child, (ii) deliver a teacher's packet to the affected child's teacher, and (iii) have an appointment at the clinic to be assessed using the current ''gold standard'' diagnostic instruments: ADI-R, ADOS and Vineland Adaptive Behavior Scales, Second Edition (Vineland-II). Each individual was also asked to (iv) donate blood and/or saliva during their clinic visit, but not required. The recruitment letter also included the information about the incentives (clinic visit $50, blood donation $25, and saliva donation $25) and the travel reimbursement (up to $50). The families interested in participating in the study were asked to contact each site by email or phone for further information and setting up the appointments. The study was approved by the Institutional Review Board (IRB) at each site. In total, 109 individuals were recruited to UCLA, KKI or WUSTL. There were a few cases (N ¼ 12 at UCLA, N ¼ 3 at KKI, and N ¼ 2 at WUSTL) where the families were not initially registered in IAN yet but had learned of the study and subsequently enrolled in IAN to participate.
Measures
At each site, the families were consented and underwent three ASD evaluations: ADI-R, Vineland-II and an observational confirmation procedure (ADOS at UCLA and KKI and expert-clinician-observation or ADOS at WUSTL). By combining the results from three evaluations, clinicians made best estimate (BE) diagnosis from DSM-IV. ADI-R was administered to the parent or caretaker in clinic or over the phone. When the subject met the threshold algorithm score in each of the three functional domains (Language/Communication: 8 for verbal and 7 for non-verbal, Reciprocal Social Interactions: 10, Restricted, Repetitive, and Stereotyped Behaviors and Interests: 3) and exhibited evidence of onset of the disorder by 36 months of age, a classification of ''autism'' was given. If the subject underscored in any one of the three functional domains or did not exhibit evidence of onset of the disorder by 36 months of age, a classification of ''not autism'' was given. ADI-R is structured to best exemplify DSM-IV and International Classification of Disease-10 (ICD-10) criteria for autism and has been demonstrated to have high sensitivity and moderate specificity with BE [Lord et al., 1994] . There are no standard cutoffs for ASD, PDD-NOS, and Asperger's syndrome on ADI-R.
Structured clinical observations were undertaken on all participants. Two sites used the ADOS, a structured clinical assessment in widespread use for the diagnosis of autism and ASD. The ADOS was performed in clinic environment by trained examiners at UCLA and KKI with a 30-to 45-min observation period of social and communication behaviors related to the diagnosis of autism or other PDD. One of the four modules was administered according to the language level and chronological age of the individual being assessed. In each module, a subject had to exceed the cutoff for either autism or ASD (slightly lower cutoff than autism) in ''social reciprocity'' and ''communication'' domain as well as combined. Substantial agreement in categorical assignment of diagnosis is exhibited between ADI-R and ADOS [Lord et al., 1999] . WUSTL used clinician-observation, which ostensibly assessed the same social, language and behavior domains as the ADOS on a subset of the subjects. These subjects were observed and videotaped in the context of 15-min interactions with trained, master's-level clinicians who engaged the subjects in conversation and symbolic interactive play activity in order to elicit social-communicative behavior. The videotapes were reviewed by a Board Certified Child and Adolescent Psychiatrist with extensive experience in the diagnosis and treatment of autism spectrum conditions (co-author, JNC) for evidence of DSM-IV criteria in fulfillment of a diagnosis of an autism spectrum disorder. A case was deemed ''confirmed'' if there was direct evidence from the videotaped observation of social, communicative or stereotypic behaviors (a) sufficient to support a diagnosis of an ASD; and (b) the qualifying behaviors were deemed unlikely to be attributable to a non-ASD psychiatric diagnosis. Inter -rater agreement on case designation (confirmation vs. non-confirmation of ASD) with both a clinical child psychologist and a doctoral-level school psychologist was calculated in an independent sample using identical review methods and exceeded 90% (manuscript in preparation).
Vineland-II is designed to assess daily functioning of an individual, both normal and handicapped, whose age ranges from preschool to early adulthood. Various dimensions of adaptive behavior are captured through three domains of measurementCommunication, Daily Living Skills, and Socialization Skills. Standard scores of 100 are calculated from population norms for the instrument. Vineland-II has been proven useful in characterizing individuals with autism spectrum disorders who show distinctive low scores in Socialization [Carter et al., 1998; Gillham et al., 2000; Tomanik et al., 2007] . For each domain, standard scores and age equivalent adaptive behavior scores were generated and the overall adaptive behavior composite score created by combining the scores across domains.
Teacher's packet including the teacher Social Responsiveness Scale (SRS) form, $15 gift card ($20 at KKI), pre-stamped envelope and instructions were given to the families for delivery preferably to the school teacher who had known the proband for more than 3 months or a therapist or extracurricular teacher, who observed the child in social situations. Parents who home-schooled their children were not allowed to do the teacher SRS. The SRS is a 65-item quantitative rating scale that can be completed by teachers or parents to measure the severity of autism symptoms occurring in natural social settings. The norms for the SRS and its psychometric properties in clinical and general population are described in the instruction manual, which also provides the guidelines on how to convert the raw scores into t-scores that adjusts for modest discrepancies observed between different raters and male and female subjects [Constantino and Gruber, 2005] .
All of the clinical data were entered into Internet System for Assessing Autistic Children (ISAAC) database (http://www. autismtools.org).
Data Analysis
t-Test implemented in ''Simple Interactive Statistical Analysis'' tool available online (http://www.quantitativeskills.com/sisa/statistics/ t-test.htm) was used to calculate the P-values for the difference of the mean age and SCQ score. The P-value for the difference of distribution of the gender and parent reported diagnosis in IAN was calculated by fisher exact test. The 95% confidence interval was calculated for each concordance rate using a Bayesian Calculator provided by http://www.causascientia.org/math_stat/Proportion-CI.html. The exact intervals were calculated because this was an extreme case where the number of subjects found not to be ASD was very small.
RESULTS

Recruitment and Clinic Evaluation
A total of 109 individuals were recruited into the clinical evaluation at one of the three sites between 18 May and 22 December, 2009. Thirty-one were evaluated at UCLA, 42 at KKI and 36 at WUSTL, and all completed ADI-R, ADOS (or equivalent) and/or Vineland-II evaluation. Table I summarizes the affected individuals enrolled at each site and in total. Of the 109 subjects, 107 completed the ADI-R, 82 completed the ADOS, and 27 subjects were assessed by expert clinician review of videotaped observation, 108 completed the Vineland-II, and 107 subjects completed all three assessments.
The study population was compared to the pool of all potential subjects registered in IAN who meet our basic inclusion criteria (simplex family, SCQ 12, SCQ verbal and age 4-17) to determine if there was a bias in the sampling. No significant differences were found between the two groups in terms of gender distribution (Fig. 1a , P-value: 0.6), reported diagnosis distribution (Fig. 1b , P-value: 0.8), mean age ( Fig. 1c , P-value: 0.4), and mean SCQ score ( Fig. 1d , P-value: 0.6).
Data Analysis
Of 107 individuals who completed all three clinical assessments, 99% (n ¼ 106) met criteria for autism on the basis of ADI-R (Table II) . The one subject who did not meet the ADI-R cutoff for autism did not score sufficiently highly within the 'social' domain (cutoff 10) for autism and had score of 8 in this domain, but otherwise met criteria for autism. 89.7% (n ¼ 96) met criteria for Autism or ASD on the basis of ADOS or equivalent clinician assessment. Of the 11 that did not meet criteria using the ADOS scoring algorithm, one subject was inconclusive on ADOS and resulted in BE of ''selective mutism and social anxiety'' in addition to autism. For that individual, the ADI-R was positive. There was one subject diagnosed with ''ASD-by-history'' as on clinician assessment: the subject was found to not be sufficiently symptomatic at the time of the evaluation but consistent with ASD by the ADI -R and clearly not attributable to any other disorder. Four subjects passed the cutoff for ASD in the ''communication'' or ''social'' domain or both but did not pass the total cutoff on the ADOS, three subjects were one point away from the ''communication'' domain cutoff for ASD but passed the social and total cutoffs for ASD and one subject did not meet the cutoffs for any. However, all eight of them were found to be on the autism spectrum by clinician's best estimate. The remaining one subject was found not to be on the spectrum by either ADOS or BE even though the ADI-R classified the subject as ''autism.'' The clinicians concluded that the subject most likely has childhood schizophrenia, which is very difficult to distinguish from autism and might be expected to score positive on the ADI-R given overlapping symptomatology. In total, 88.8% (n ¼ 95, 95% CI: 81.2-94.1%) were on the spectrum based on both ADI-R (classified as ''autism'') and ADOS (classified as ''autism'' or ''ASD''), 100% (n ¼ 107, 95% CI: 97.2-100%) by either ADI-R or ADOS and 98.1% (n ¼ 105, 95% CI: 93.4-99.8%) by BE (73% Autistic Disorder, 18% PDD-NOS, 3% Asperger's syndrome, and 4% not specified ASD). The lower concordance rate for the ADOS could be explained by the fact that ADOS does not reflect past behavior that may be compensated for at the time of the relatively brief ADOS evaluation. Thus, the ADI-R may be more consistent with SCQ and parental report as well as prior clinician diagnosis.
Of 107 individuals who completed all three clinical assessments, 86% (n ¼ 92) had their teacher SRS returned. Two of the reports were insufficiently completed and were thus excluded. The mean t-score for the 90 subject evaluations was 66.3 (SD: 10.0). A total of 51 subjects (56.6%) had t-score 65, and 39 did not meet threshold criteria by SRS. Of the 39 who did not meet threshold criteria, 100% met diagnostic criteria by ADOS or ADI-R. Thus, the teacher SRS is not sufficiently sensitive for affected autistic individuals. However, of these 51 subjects, 47 (92.1%, 95% CI: 81.1-97.8%) were determined to be on the spectrum by ADOS, and 100% were on the spectrum by ADI-R and BE (95% CI: 94.3-100%) indicating high specificity if teacher SRS is positive. There was one proband who was diagnosed ''autism'' by both ADI-R and ADOS but determined not to be autistic by BE. The clinicians concluded that negative behaviors and oppositionality of the proband contributed to the elevated scores on both assessments. This particular proband has acquired multiple teachers' SRS reports and all four of them had t-score total <65. Thus, there was much lower concordance of teacher completed SRS with the clinic-based assessments. Vineland-II assessment was performed to further characterize the study sample, and indicates that the study sample has typical score distributions as other clinic-based autism samples. A summary of the Vineland-II assessment standard and adaptive behavior scores for each domain and the composite score for this population are shown in Table III .
DISCUSSION
Here, we have assessed the accuracy of fully implemented webbased parent report within a disease-specific patient registry (IAN). We observe that even in the small sampling performed within this study of a large potential sample set, the rapid phenotyping paradigm has a very high concordance rate with the clinic-based assessments, which are considered the reasonable standards for affectation status for inclusion in genetic studies. The high concordance rates observed imply that parent reports, as implemented in the parent-centric IAN registry, are highly reliable and provide a 95% confidence of a 93.4% concordance rate with ADI-R or ADOS based clinician's diagnosis in verbal children. These observations are generally supportive of other reports of the self-selected populations of families with a child affected by autism. For instance, the distribution of scores on the SRS of affected children enrolled in FIG. 1 . Comparison of the sample stats between the enrolled families and all samples in IAN with the same criteria. a: Gender distribution; (b) diagnosis distribution: the distribution of diagnosis that the parents have reported to IAN. If the current diagnosis was different than the first diagnosis, the current diagnosis was counted. If neither the first diagnosis nor the current diagnosis was reported, registration diagnosis was counted; (c) age distribution: for the subjects enrolled in current study, age was determined on the date of examination (DOE) and for the IAN potential subjects, it was determined as of 31 August, 2009; (d) SCQ score distribution. IAN is similar to the data provided from clinically defined populations with ASD [Constantino et al., 2007] .
There were a few subjects (n ¼ 11, 10.2%) who were negative by ADOS, but all of them were positive for ASD based on ADI-R and clinician's BE. This is not unexpected as ADOS is a 30-min snapshot during which symptoms displayed in other settings (e.g., social settings like school where children are sometimes at their worst) may be unobserved. As seen in one of the subjects here, an additional scenario involves children who, at or before age 4, were manifesting autistic symptomatology severe enough to warrant a clinical diagnosis (by developmental history), but who may have improved over time and did not meet severity criteria by research observation at the time of this study. Conversely, the ADOS also has the risk of over-interpreting behaviors elicited in the anomalous context of a 1-on-1 assessment by an unknown examiner. Because of these shortcomings of ADOS, phenotyping for genetic studies rely primarily on ADI-R supplemented by ADOS [Sebat et al., 2007; Szatmari et al., 2007; Strom et al., 2009; Wang et al., 2009; Weiss et al., 2009] . The high concordance rate observed in the presented data is important to document, as IAN is a potentially major source of recruitment into specific autism studies.
There are two caveats to the generality of the observations made here. First, all of the probands were identified through participation in IAN with web-based registration. The simple fact of the need for web-based registration will bias the sample collected, but in many ways this is similar to the bias of individual participation in biomedical research which does not randomly sample the whole population [Rothman and Greenland, 1998 ]. One risk of the webimplemented approach is that there may be a potential discrete cause of ASD in a given child, and yet not be known by the parents. In this study, all of the probands in the current study had idiopathic autism, which is of course true of the vast majority of individuals diagnosed with autism currently, implying that this will be a rare issue. Diagnostic misspecification, including individuals who have an alternate diagnosis, is only modestly problematic for the identification of autism risk alleles given the already observed genetic heterogeneity of ASD. Even if 10% of the ASD cases were misdiagnosed, we would need to sample a population approximately 20% larger to compensate for the loss of genetic power [Edwards et al. 2005] . Second, we assessed individuals who were at least minimally verbal as screened through online questionnaire to the parents to analyze the more common idiopathic autism group registered in IAN and because the quantitative measures employed in our rapid phenotyping paradigm have not yet been validated for their precision when used for children with comorbid intellectual disability, a majority of whom are rendered non-verbal by virtue of this comorbidity (non-verbal children comprise a 25% minority of all ASD-affected children in the IAN register). Thus, our conclusions here may be restricted to minimally verbal affected children and the concordance rate may not be as high for harder to assess non-verbal children.
Although teacher-report SRS had very high positive predictive value, reliance of the teacher-report SRS would result in the exclusion of potentially half of the documented ASD-affected children and improvement in accuracy over parent-report alone did not reach statistical significance in this study. The major factor was a lack of response from the teacher-SRS, but there was also a decreased sensitivity relative to parent-SRS. The very high positive predictive value of teacher-report SRS and relatively low sensitivity suggests that the threshold score used for case identification may have been set too high in severity. This is currently being more closely examined in an analysis of SRS data from over 1,200 children in the IAN register (manuscript in review)-it is likely that setting a slightly lower threshold will result in optimization of sensitivity, specificity, and positive predictive value. We also observe that the collection of the teacher SRS was challenging for some families and might therefore limit the feasibility of large-scale implementation that is easily scalable.
It is important to emphasize that we view this IAN/web-based approach as complementary to and synergistic with more comprehensively phenotyped sample sets, such as those being accumulated by AGRE, the Simons Simplex Collection, and various academic collaborative research projects. While we demonstrate here that the core phenotypic assessment of the autism phenotype as reported by parents results in autism study samples generally consistent with sample sets used in published autism genetic studies that relied on trained rater assessments, there are certainly many important avenues of research that cannot be directly addressed by this sampling strategy. For instance, the analysis of complex developmental syndromes characterized by both mental retardation and autistic traits would not be feasible in this context, nor would longitudinal studies that assess developmental trajectory, changes in brain imaging over time, or novel neuropsychological endophenotypes. However, given the tremendous genetic heterogeneity of ASD and unknown environmental influences makes the need for very large sample size collection compelling. This web-based recruitment permits the characterization of individuals with specific genetic etiologies. For instance, after the individuals who have a specific genetic etiology for autism are identified, IAN has established approved means to re-contact the specific families in order to perform additional phenotyping. We view the implemented web-based processes as a powerful community tool to rapidly identify willing research participants, implement rapid and facile DNA collection strategies distributed across the country, and 
